Abstract Behavioral and functional studies in humans suggest that attention plays a key role in activating the primary olfactory cortex through an unknown circuit mechanism. We report that a novel pathway from the anterior cingulate cortex, an area which has a key role in attention, projects directly to the primary olfactory cortex in rhesus monkeys, innervating mostly the anterior olfactory nucleus. Axons from the anterior cingulate cortex formed synapses mostly with spines of putative excitatory pyramidal neurons and with a small proportion of a neurochemical class of inhibitory neurons that are thought to have disinhibitory effect on excitatory neurons. This novel pathway from the anterior cingulate is poised to exert a powerful excitatory effect on the anterior olfactory nucleus, which is a critical hub for odorant processing via extensive bilateral connections with primary olfactory cortices and the olfactory bulb. Acting on the anterior olfactory nucleus, the anterior cingulate may activate the entire primary olfactory cortex to mediate the process of rapid attention to olfactory stimuli.
Introduction
Traditional concepts viewed primates as anosmatic (Broca 1879) or microsmatic (Turner 1890) . In the past decades, however, behavioral studies have shown that humans have good olfactory abilities. Humans are good at detecting potentially harmful odors like cooking gas (Whisman 1978) , contaminated water (Widen et al. 2005) , or tainted food (Siegmund and Pollinger-Zierler 2006; Carrapiso et al. 2010) . Humans also have good olfactory abilities in ecologically meaningful contexts, such as mothers discriminating the specific odor of their babies (Porter et al. 1983) or subjects sorting out by smell their own T-shirt from others (Lord and Kasprzak 1989) . Attention to olfactory stimuli seems to be minimal in humans under normal conditions (Sela and Sobel 2010) , but when attention is directed to olfaction by an alerting signal, humans respond more rapidly in an odor discrimination task (Spence et al. 2000) .
Functional neuroimaging studies in humans have shed light on the engagement of some cortical areas when directing attention to olfactory stimuli. Paradoxically, most of the earlier studies did not show activation of the primary olfactory cortex [reviewed in (Zald and Pardo 2000) ], the telencephalic areas that receive a direct projection from the olfactory bulb (Price 1973; Haberly and Price 1977; de Olmos et al. 1978; Turner et al. 1978; Carmichael et al. 1994 ). In contrast, earlier studies consistently report activation in the multimodal posterior orbitofrontal cortex (pOFC) [reviewed in (Zald and Pardo 2000) ]. More recently, studies on the time course of odorant-induced activation report that after exposure to olfactory stimuli the primary olfactory cortex shows a strong early and transient activation followed by habituation (Sobel et al. 2000; Poellinger et al. 2001; Tabert et al. 2007) . Similarly, sniffing in the absence of odorants produces transient activation of the primary olfactory cortex suggesting an attentional mechanism in olfaction (Sobel et al. 1998 (Sobel et al. , 2000 Simonyan et al. 2007 ). These findings suggest that sniffs activate an attention-dependent region in the primary olfactory cortex, which shows anticipatory response after instructions, and sustained activity in a working memory task with odorants (Zelano et al. 2005 (Zelano et al. , 2009 . Attempts to detect an odor also activate the primary olfactory cortex (Veldhuizen and Small 2011) .
Functional studies show that the anterior cingulate cortex (ACC), which plays a key role in attention (Botvinick 2007; Pessoa 2008 ) and in working memory tasks (Fuster 2008) , is also activated with olfactory stimuli in humans [reviewed in (Small and Prescott 2005; Seubert et al. 2012) ]. Time course studies of olfactory tasks show that when human subjects are not alerted about the presentation of an odorant and are instructed not to sniff, the primary olfactory cortex is activated followed by activation in the ACC and the pOFC (Poellinger et al. 2001) , or the primary olfactory cortex and ACC are co-activated (Tabert et al. 2007) . Similarly, data from non-human primates show that the ACC is activated with olfactory stimuli in alert monkeys but not in sedated animals (Boyett- Anderson et al. 2003; Sasabe et al. 2003) .
The behavioral and functional data thus suggest that in humans attention plays a key role in activating the primary olfactory cortex before or at the onset of olfactory perception, and in maintaining sustained activity, as needed. Activation of ACC in olfactory tasks may reflect a topdown regulation of attention to olfaction. We now report a novel monosynaptic pathway from ACC to the primary olfactory cortex, which may mediate the process of rapid attention to olfactory stimuli in primates.
Materials and methods

Animal and tissue preparation
Brain imaging and surgical procedures
We conducted tract-tracing studies on six normal young adult (2-3 years) or adult ([3 years) rhesus monkeys (Macaca mulatta) of both sexes (cases DQ, AY, BG, BI, BL, and BN). We used three additional cases for cytoarchitectonic analysis of the primary olfactory cortex (cases AJ, AS, and AT). Detailed protocols describing all procedures were approved by the Institutional Animal Care and Use Committee at Harvard Medical School and Boston University School of Medicine in accordance with NIH guidelines (DHEW Publication no.
[NIH] 80-22, revised 1996, Office of Science and Health Reports, DRR/NIH, Bethesda, MD, USA). Procedures were designed to minimize animal suffering and reduce the number of animals for research.
We obtained scans of each brain using magnetic resonance imaging (MRI) to guide the injection of neural tracers (cases AY, BG, BI, BL, and BN). Animals were anesthetized with propofol (loading dose, 2.5-5 mg/kg, intravenous; continuous rate infusion, 0.25-0.4 mg/kg -1 Ámin -1 ) and positioned in a nonmetallic stereotaxic device. MRI was performed with a 3T-superconducting magnet (Phillips; or Siemens). The interaural line was rendered visible in the scan by filling the hollow ear bars of the stereotactic apparatus with Betadine salve. We then calculated the stereotaxic coordinates for each injection in three dimensions using the interaural line as reference. One to three weeks after MRI, the monkeys were sedated with ketamine hydrochloride (10-15 mg/kg, intramuscularly) and deeply anesthetized with sodium pentobarbital (*30 mg/kg, intravenous, to effect, case DQ) or isoflurane (all other cases), until a surgical level of anesthesia was accomplished. The monkeys were placed in the stereotactic apparatus and a small region of the cortex was exposed over the site for injection. Surgery to inject neural tracers was performed under aseptic conditions while heart rate, muscle tone, respiration, and pupillary dilatation were closely monitored to maintain a surgical level of anesthesia.
Injection of neural tracers
We injected neural tracers using a microsyringe (5 or 10 ll, Hamilton, Reno, NV, USA) mounted on a microdrive. The injection sites and the tracers used are listed in Table 1 . Biotinylated dextran amine (BDA, 10 % solution, volume of 6-10 ll, 10 kDa; Invitrogen, Carlsbad, CA, USA) and Lucifer yellow (LY, dextran Lucifer yellow, anionic, lysine fixable, 10 % solution, volume of 3-4 ll, 10 kDa, Invitrogen) tracers were injected in two to four penetrations at a depth of 1.2-1.6 mm below the pial surface. The needle was left in place for 10-15 min to allow tracer penetration at the injection site and prevent upward diffusion of the tracer during retraction of the needle. We also used a case that had been injected with 3 H-labeled amino acids ([ 3 H]leucine and [ 3 H]proline, specific activity 40-80 lCi, volume of 0.5 ll) 1.5 mm below the pial surface at each of two adjacent sites separated by 1-2 mm. BDA and LY were of 10 kDa molecular weight optimized for anterograde labeling (Veenman et al. 1992; Reiner et al. 2000) ; 3 H-labeled amino acids are purely anterograde tracers (Cowan et al. 1972) . After injection of neural tracers, the wound was closed in anatomic layers.
Perfusion and tissue processing
The monkeys injected with BDA and LY were anesthetized with a lethal dose of sodium pentobarbital ([50 mg/kg, intravenous, to effect) and transcardially perfused with 4 % paraformaldehyde, 0.2 % glutaraldehyde in 0.1 M PB (pH 7.4) 19 days after tracer injection. The brains were removed from the skull, cryoprotected in a series of sucrose solutions (10-30 % in 0.01 M PBS), photographed, frozen in -75°C isopentane (Fisher Scientific, Pittsburg, PA, USA) for rapid and uniform freezing, and cut in the coronal plane on a freezing microtome at 40 or 50 lm to produce ten matched series. Tissue was stored in -20°C in antifreeze solution until processing (30 % ethylene glycol, 30 % glycerol, 40 % 0.05 M PB, pH 7.4 with 0.05 % azide) to preserve the ultrastructure. In a case with injection of 3 H-labeled amino acids, the monkey was anesthetized with a lethal dose of sodium pentobarbital ([50 mg/kg, intravenous, to effect) and transcardially perfused with 4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) 10 days after tracer injection. The brain was removed from the skull, embedded in paraffin, cut at 10 lm, and processed for autoradiography as described (Cowan et al. 1972; Ghashghaei and Barbas 2001) .
Immunohistochemistry for optical microscopy
To view pathways labeled with BDA, free-floating sections were rinsed in 0.01 M PBS, incubated in 0.05 M glycine, pre-blocked in 5 % normal goat serum (NGS) and 5 % bovine serum albumin (BSA) with 0.2 % Triton-X, and then incubated for 1 h in an avidin-biotin horseradish peroxidase (AB-HRP) complex (Vectastain PK-6100 ABC Elite kit, Vector Laboratories, Burlingame, CA, USA; diluted 1:100 in 0.01 M PBS with 0.1 % Triton X-100). Sections were then rinsed and processed for 2-3 min for the peroxidasecatalyzed polymerization of diaminobenzidine (DAB; DAB kit, Vector or Zymed Laboratories Inc., South San Francisco, CA, USA; 0.05 % DAB, and 0.004 % H 2 O 2 in PBS).
To view pathways labeled with LY, sections were processed to visualize the fluorescent tracer by peroxidasecatalyzed polymerization of DAB. Sections were incubated overnight in primary antibody against LY (1:800, in PBS, 1 % NGS, 1 % BSA, 0.1 % Triton-X, rabbit polyclonal, molecular probes), followed by secondary biotinylated goat anti-rabbit IgG (1:200, for 2 h; Vector), followed by AB-HRP and DAB as described for BDA. In cases with injection of LY that also had an injection of BDA in other brain areas, sections were incubated in avidin-biotin blocking reagent (AB blocking kit, Vector) before immunobinding to prevent cross-reaction with BDA, as described (Medalla et al. 2007) .
Sections were counterstained with thionin for cytoarchitectonic identification of primary olfactory cortex areas and layers. For detailed cytoarchitectonic study we used three more cases (AJ, AS, and AT) with a complete series of sections stained with thionin. Sections were mounted on gelatin-coated slides, dried, dehydrated in graded alcohols, cleared in xylenes, and coverslipped.
Triple pre-embedding immunohistochemistry for electron microscopy We used pre-embedding immunohistochemistry to view synapses of ACC labeled boutons in the electron microscope (EM), as described previously (Medalla et al. 2007; Medalla and Barbas 2009 . Neurons were labeled for the expression of calcium-binding proteins parvalbumin (PV), calretinin (CR), and calbindin (CB), which label non-overlapping neurochemical classes of inhibitory neurons in the primate cortex (DeFelipe 1997). In the primary olfactory cortex of rats and mice they label neurochemical classes of inhibitory neurons that overlap to some degree (Kubota and Jones 1993; Meyer et al. 2006; Gavrilovici et al. 2010; Suzuki and Bekkers 2010; as in the rest of the cortex of rats (Kubota et al. 1994) . In primates, only a minority of excitatory cortical pyramidal neurons expresses CR or CB (DeFelipe et al. 1989; del Rio and DeFelipe 1997) . Triple immunohistochemical methods were used to label the tracer and two calcium-binding proteins: BDA and LY were labeled with DAB while PV, CR, or CB neurons were labeled either with silver-enhanced gold conjugated secondary antibodies or tetramethylbenzidine (TMB), as described previously (Medalla et al. 2007; Medalla and Barbas 2009 . The three methods show distinct labeling at the EM: DAB appears as a dark uniform precipitate, silverenhanced gold particles appear as circular clumps of variable size, and TMB as rod-shaped crystals (Gonchar and Burkhalter 2003; Pinto et al. 2003; Moore et al. 2004; Medalla et al. 2007; Barbas 2007, 2012; Medalla and Barbas 2009 . After processing for BDA and LY using DAB (as described above but with reduced amounts (0.025 %) of Triton-X to preserve the ultrastructure), sections were incubated in AB blocking reagent to prevent cross-reaction with TMB. For After incubation with the primary antibody for each calcium-binding protein, sections were incubated overnight in the appropriate secondary gold-conjugated IgG (1:50, 1 nm gold particle diameter; GE Healthcare) or in secondary biotinylated anti-mouse IgG (1:200, Vector), followed by AB-HRP. The tissue was postfixed in 6 % glutaraldehyde with 2 % paraformaldehyde using a variable wattage microwave (3-6 min at 150 W in the Biowave; Ted Pella, Redding, CA, USA) until the fixative reached 30°C, and then intensified with silver (6-12 min; IntenSE M kit; GE Healthcare). Sections were then processed for TMB and stabilized with DAB-cobalt chloride solution, as described (Medalla et al. 2007; Medalla and Barbas 2009 . In control experiments, we omitted the primary antibodies to test the specificity of secondary antibodies and used the AB blocking reagent prior to AB binding, or the M.O.M. kit prior to secondary antibody binding. In all control experiments there was no immunohistochemical labeling.
Tissue sections were mounted on slides and quickly viewed under the light microscope, and images were captured with a CCD camera. Small blocks of sections with anterograde and PV-CR-CB labeling were cut under a dissecting microscope, postfixed in 1 % osmium tetroxide with 1.5 % potassium ferrocyanide in PB, washed in PB and water, and dehydrated in an ascending series of alcohols (50-100 %). While in 70 % alcohol, blocs were stained for 30 min with 1 % uranyl acetate (EM Sciences, Hatfield, PA, USA). Subsequently, they were infiltrated with propylene oxide and flat embedded in araldite at 60°C. Pieces of the araldite-embedded tissue were cut and re-embedded in resin blocks. Serial ultrathin sections (50 nm) were cut with a diamond knife (Diatome USA, Hatfield, PA, USA) using an ultramicrotome (Ultracut, Leica, Wein, Austria) and collected on single slot pioloform-coated grids.
Data analysis
Mapping of primary olfactory areas and anterograde labeling at the light microscope
We first studied the cytoarchitecture of the primary olfactory cortex in series of coronal sections through the olfactory areas stained for Nissl (cases AJ, AS, and AT). We then determined the areal and laminar boundaries of olfactory areas with label from ACC axons in tissue sections that were processed for BDA and LY immunohistochemistry or autoradiography and counterstained for Nissl (thionin stain). We studied the distribution of anterograde label under brightfield illumination (Olympus optical microscope, BX 60). We mapped ACC labeled boutons in the primary olfactory cortex in precise register with respect to anatomic landmarks using a workstation with an encoded microscope stage interfaced to a computer using commercial software (Neurolucida, MicroBrightField, Williston, VT, USA). Plots of labeled boutons were made at 1,000X in a series of sections spanning the whole extent of the primary olfactory cortex. In the case with 3 H-labeled amino acids sections were examined under darkfield illumination.
Stereological procedures
We analyzed ACC anterograde labeling in the primary olfactory cortex at high magnification (1,000X) in the BDA and LY cases using unbiased stereological methods [for a review, see (Howard and Reed 1998) ]. We acquired image stacks of several focal planes in each area of interest. Stacks of images were then combined to create a composite image using ImageJ (NIH, USA) and scaled as described (Medalla and Barbas 2006) . This method yields images with high depth of field focused throughout the z-axis extent. All labeled boutons were traced manually using the open source program Reconstruct (www.bu.edu/neural; Fiala 2005) , and data were exported to a database in Excel (n = 9,950 boutons measured for major diameter). The mean bouton diameter for each case was obtained using the method of progressive means analysis which is based on calculating the mean in successive smaller samples from the total. The systematic, random sampling fraction was 1/100 of the total volume of the region studied through the primary olfactory cortex. We measured the major diameter of [1,000 labeled bouton profiles per layer in each case. We used k-means cluster analysis on the major diameter of ACC labeled boutons (SPSS 16.0 for Windows) to generate a cutoff point and separate the population of labeled boutons into size groups (large and small).
We estimated the number and density of ACC labeled boutons in the primary olfactory cortex areas and layers using the unbiased stereological method of the optical fractionator (Gundersen 1986; Howard and Reed 1998) with the aid of a commercial system (StereoInvestigator; MicroBrightField). We systematically distinguished large and small boutons based on the results of the bouton population analysis described above. For each case, we selected a minimum of five evenly spaced brain sections using systematic random sampling to count boutons in different laminar and areal compartments of the primary olfactory cortex. The stereological data included volume calculation for each olfactory area and layer, which takes into consideration the sampled area and thickness of each section. The top and bottom of each section (minimum 2 lm for 15 lm sections after shrinkage) were used as guard zones. In BDA cases, boutons were counted using an optical disector restricted to the central fraction of the tissue thickness (11 lm). In LY cases the penetration of the antibodies did not reach the complete thickness of the section leaving a central band of tissue unstained; thus, the optical disector was restricted to the upper stained portion of the section (5 lm) with a guard zone of 2 lm. The actual mounted section thickness was measured by the program at each counting site. The counting frame/disector size (area 25 9 25 lm; height = 11 lm for BDA sections and 5 lm for LY sections) and grid spacing (ranging from 150 9 150 lm) were set to employ a fraction to yield a coefficient of error of\10 %, as recommended (Gundersen 1986; Howard and Reed 1998) . The stereological analysis yielded estimates of the total number of boutons in each area and layer of the primary olfactory cortex. These estimates and the volume calculation for each layer were used to calculate bouton density per layer.
We employed one-way ANOVA (SPSS 16.0 for Windows) for statistical comparisons of labeled bouton major diameter and for the overall number and proportion of large and small boutons among cases in the primary olfactory areas and layers.
Ultrastructural analysis
To process brain tissue to view in the electron microscope (EM) we first identified five coronal sections with the densest anterograde label through AON based on brightfield maps of the pattern of label, as described previously (Medalla et al. 2007; Medalla and Barbas 2009 . We then processed sections from matched levels in adjacent series for immunohistochemistry (as described above), which included AON layers I and II. We then cut and processed for EM 100 lm-wide tissue blocks (BI: 12 blocks from 5 sections; BN: 10 blocks from 4 sections), which included either layer I or II of AON. We flat embedded the sections in resin (as described above). Using an ultramicrotome (Ultracut; Leica), the blocks were trimmed with a diamond trim tool and then cut into serial ultrathin sections (50 nm) with a diamond knife (Diatome). We viewed fields of the primary olfactory cortex with ACC labeled boutons in the EM (100CX, JEOL, Peabody, MA, USA) in two cases (BI and BN).
We used classical criteria to determine synapse type and the postsynaptic profile of ACC boutons (Peters et al. 1991) as described previously (Germuska et al. 2006; Barbas 2006, 2007; Medalla et al. 2007; Medalla and Barbas 2009 Bunce and Barbas 2011) . In the cortex synapses are made with spines, which are enriched on excitatory pyramidal neurons, or with aspiny (smooth) or sparsely spiny dendritic shafts, which are characteristic of inhibitory neurons in the cerebral cortex (Peters et al. 1991; Fiala and Harris 1999) .
For 2D analysis we sampled exhaustively ACC labeled boutons from series of ten to sixty consecutive sections obtained from each of several blocks. Each bouton was followed and photographed through a minimum of ten adjacent serial sections for each synapse. Major diameter of ACC labeled boutons was measured at the level of the synapse using Reconstruct (www.bu.edu/neural; Fiala 2005). We also followed labeled boutons that formed synapses with presumed inhibitory postsynaptic targets (40 or more sections) and reconstructed them in 3D (n = 6).
Section thickness was calibrated through measurements of the diameter of mitochondria which yields the same estimate of section thickness as the method of minimal folds (Fiala and Harris 2001b) . Object contours of boutons and postsynaptic elements were manually traced section-by-section. Postsynaptic targets were considered as belonging to presumed inhibitory neurons if they were labeled for any of the calciumbinding proteins PV, CR or CB, and/or were part of aspiny or sparsely spiny dendrites. The latter were characterized by computing a density index for spines (number of spines/lm) and synapses (number of synapses/lm) of reconstructed dendrites as described previously (Fiala and Harris 2001a; Medalla and Barbas 2009 .
Photography
We captured images of ACC labeled boutons and axons in the primary olfactory cortex at the optical microscope using a CCD camera (Olympus DP70) attached to a microscope (Olympus optical microscope, BX 60) connected to a personal computer using a commercial imaging system (DPController). ACC labeled boutons and their postsynaptic profiles were captured at the EM using a digital camera (ES1000 W, Gatan, Pleasanton, CA, USA) at a magnification of 10,000-50,000X. Images were imported into Canvas X software (ACD Systems, Miami, FL, USA) to assemble in figures. Minor adjustment of overall brightness and contrast was made but images were not retouched.
Results
Injection sites of tracers encompassed several sites of ACC
We investigated the terminations of labeled pathways from ACC to the primary olfactory cortex at the level of the system and the synapse. Figure 1a shows a composite diagram of the injection sites on a map of the medial prefrontal cortex (Barbas and Pandya 1989) . Neural tracer injections in ACC involved dorsal and ventral portions of area 32 along its antero-posterior axis. In three cases the tracer was restricted to area 32 (cases AY, BI, and BL). In Fig. 1 Experimental design and cytoarchitectonic parcellation of the primary olfactory cortex. a Cortical injection sites are shown on a map of the medial surface of the rhesus monkey brain; area 32 is shaded in gray. b Projection of the primary olfactory cortex (gray) on a view of the orbital cortex. Architectonic borders of medial and orbital prefrontal cortices (dotted lines) are according to the map of Barbas and Pandya (1989) . c-j Cytoarchitectonic parcellation of the primary olfactory cortex. The levels of the Nissl stained coronal sections are shown on a map of the orbital surface of the rhesus monkey brain (b). Asterisk in c shows the olfactory sulcus. Calibration bar in b applies to a and b; calibration bar in j applies to c-j. AONd anterior olfactory nucleus, dorsal sector, AONm anterior olfactory nucleus, medial sector, AONl anterior olfactory nucleus, lateral sector, AONpe anterior olfactory nucleus, pars externa, AONv anterior olfactory nucleus, ventral sector, Cg cingulate sulcus, Cl claustrum, EndoPir endopiriform nucleus, I layer I, II layer II; III, layer III, LOT lateral olfactory tract, TOL 1 olfactory tubercle, sector 1, TOL 2 olfactory tubercle, sector 2, TOL 3 olfactory tubercle, sector 3, OB olfactory bulb, Olf ventricle, olfactory ventricle, OPAll orbital periallocortex, OPro orbital proisocortex, Pir piriform cortex, vTT ventral tenia tecta one case (BG) the tracer included the dorsal portion of area 32 within the lower bank of the cingulate sulcus and impinged on the medial part of area 9. In another case (BN) the injection was within the posterior part of area 32 and spread posteriorly into adjacent cingulate area 24. In another case (DQ), the tracer was mostly in area 32, but spread slightly to the adjacent area 14. In all cases the tracer occupied both superficial and deep layers of area 32.
The primary olfactory cortices have two or three layers
We briefly describe the organization of the primary olfactory cortex in the rhesus monkey to provide a structural context for projections from ACC. The primary olfactory cortex includes all telencephalic areas that receive a direct projection from the olfactory bulb through the lateral olfactory tract (LOT) (Price 1973; Haberly and Price 1977; de Olmos et al. 1978; Turner et al. 1978; Carmichael et al. 1994) . In primates, the olfactory cortex is composed of several areas that have either two or three layers. The chief recipients of olfactory bulb projections are the anterior olfactory nucleus (AON), the piriform cortex (Pir), and the olfactory tubercle (TOL). In the primate brain these areas are found along the LOT, situated medial or posterior to the orbitofrontal cortex, and on the medial surface of the temporal lobe anterior to the amygdala (Fig. 1b) . For areal and laminar parcellation of the monkey primary olfactory cortex we followed the cytoarchitectonic descriptions from previous studies focusing on AON, TOL, and Pir (Crosby and Humphrey 1939; Meyer and Allison 1949; Turner et al. 1978; Carmichael et al. 1994) . Figure 1c -j shows the areal and laminar boundaries of the primary olfactory cortex in a series of coronal sections through the right hemisphere (case AT) whose levels are shown in Fig. 1b on a map of the orbital prefrontal cortex (Barbas and Pandya 1989) .
The AON is the most anterior part of the primary olfactory cortex. It rests on the LOT and extends medial and posterior to the pOFC. The principal AON can be divided into several sectors by their position on the basal surface, all characterized by a superficial molecular layer I and a subjacent cellular layer II (Fig. 1c-h ). The dorsal sector (AONd) is situated beneath the olfactory sulcus (asterisk in Fig. 1c) , also known as the olfactory trigone based on its shape. More posteriorly, AONd loses its triangular shape as it abuts the orbital periallocortex (OPAll), situated in the posterior orbitofrontal cortex (Fig. 1d) . At posterior levels there are two nests of densely packed cells between LOT and layer I that make up the AON pars externa (AONpe; Fig. 1g ), which receives a spatially organized projection from the olfactory bulb and sends feedback projections to the contralateral bulb (Reyher 1988; Carmichael et al. 1994 ). On the medial side, the ventral tenia tecta (vTT) shows two layers similar to other AON sectors, which we included as part of AON in the stereological analysis (Fig. 1g) .
The TOL is found on the ventral surface of the brain and can be identified as the anterior perforate substance medial to the LOT. The three sectors of TOL have a molecular layer I only at some levels and a deep layer II that fuses with the accumbens nucleus (Fig. 1g-j) .
The Pir has a horizontal (frontal) limb posterior to pOFC and a vertical limb on the medial side of the temporal lobe anterior to the cortical nuclei of the amygdala. The Pir is distinguished by a characteristic layer II, packed with neurons below the molecular layer I, and by a deep polymorphic layer III (Fig. 1h-j) .
ACC boutons in the primary olfactory cortex innervate robustly AON Labeled pathways from ACC terminated in distinct parts of the primary olfactory cortex. Pathways from ACC area 32 terminated mostly in AON and to a lesser extent in TOL, while only a few labeled axon terminals were seen in Pir. In most cases pathways from ACC terminated as dense patches of label in layers I and II of the dorsal sector of AON (AONd), and the label extended to the superficial and deep layers of the adjacent orbitofrontal cortex (area OPAll; Fig. 2a, b) . At this level, the boundary between layer I of AONd and layer I of OPAll is marked by multiple small vessels interposed between the molecular layer of AONd and the molecular layer of OPAll (Fig. 2b) . Labeled boutons from ACC axons in the primary olfactory cortex appeared as axon swellings, which were either terminaux or en passant varicosities (Fig. 2c, d ). The largest BDA injection labeled numerous boutons in layer I of AONd forming dense patches that extended to layer II (case BI, Fig. 3 ). Layers I and II of the other AON sectors also had a moderate to light density of labeled boutons. The vTT had sparse label. Layer II of TOL included some sites with moderate label. In Pir, labeled axon terminals were sparsely distributed in the three layers in rostral levels. In another case (BN), a more posterior injection within area 32, which extended to adjacent area 24, labeled a dense plexus of boutons in layer I of all AON sectors. In this case the TOL also showed moderately dense label, while in Pir we found only a few labeled boutons from ACC axons which were restricted to its most anterior levels (Fig. 4) . ACC labeled boutons and axons in the other cases followed a similar distribution. In one case (BG), in which the injection was in the lower bank of the cingulate sulcus, anterograde label was light in all primary olfactory areas. In all cases, label in AONpe was scant.
Projections from ACC to the primary olfactory cortex thus targeted mostly AON, to a minor extent TOL, and sparsely Pir. There was no evidence of ACC labeled boutons in other areas that also receive projections from the olfactory bulb in the macaque monkey brain, including the periamygdaloid cortex or the cortical nuclei of the amygdala. We found labeled axon terminals in several layers of the anterior part of the entorhinal cortex, which receives a small projection from the olfactory bulb in layer I. Further description here is restricted to those olfactory areas within the frontal lobe that are the major recipients of olfactory bulb afferents in the macaque monkey brain (Carmichael et al. 1994) .
A significant proportion of ACC boutons in the primary olfactory cortex are large
The size of axon boutons is positively correlated with the number of synaptic vesicles (Germuska et al. 2006; Barbas 2006, 2007) and with the probability of neurotransmitter release with each action potential (Murthy et al. 1997; Stevens 2003) . We thus traced and measured the major diameter of ACC labeled boutons in all areas and layers of the primary olfactory cortex using the light microscope (Fig. 5a, b) . Figure 5c shows the distribution of labeled ACC boutons by size (cases AY, BG, BI, BL, and BN; ±standard deviation). Because analysis (ANOVA) showed no significant difference in size of major diameter among cases for different olfactory areas or layers, we pooled data into a single group. The mean major diameter across cases was 1.12 lm (SD ± 0.39).
In each case, k-means cluster analysis segregated ACC labeled boutons into small and large clusters separated by a cutoff value (SPSS 16.0 for Windows). Because ANOVA yielded no significant effects of case, area, or layer on the cutoff value and cluster centers, we pooled data into a single group. The cutoff value was 1.26 lm; the small cluster center was 0.92 lm and the large cluster center was 1.59 lm. We next investigated the distribution of large (C1.26 lm) and small (\1.26 lm) ACC boutons in the primary olfactory cortex areas and layers using unbiased stereological methods. The overall mean proportion of small boutons was 72 ± 0.02 % across cases and of large boutons 28 ± 0.02 %. Analysis showed no significant effects by case, area, or layer on percentage of large and small boutons (ANOVA). The figures are based on the major diameter of boutons measured at the light microscope as described in b. d Ratio of bouton density in layer I to layers II-III, based on values estimated using stereology (five cases, as above). e Proportion of estimated ACC boutons in distinct primary olfactory areas using stereology (bars show the mean frequency of the five cases, as above; vertical line on bars shows the standard deviation); most ACC boutons were found in AON. AON anterior olfactory nucleus, Pir piriform cortex, TOL olfactory tubercle ACC boutons are denser in layer I of the primary olfactory cortex
We estimated the laminar distribution and density of labeled boutons from the ACC to the primary olfactory cortex using unbiased stereological methods to compare ACC projections with other afferents to primary olfactory areas. Previous studies in rats have shown that axons from the olfactory bulb terminate in the superficial part of layer I of the primary olfactory cortex, while associational intracortical axons are concentrated mostly in the deep part of layer I and the superficial part of layer II of all primary olfactory areas and in layer III of Pir (Valverde 1965; Price 1973; Haberly and Price 1978a, b; Price 1983a, 1983b) .
For the laminar analysis, we included layer III of Pir with layer II of AON, TOL, and Pir because it had only a few labeled boutons. The density of labeled boutons was higher in layer I than in layers II-III in all cases, except for the case with an injection restricted to the lower bank of the cingulate sulcus (BG), in which labeled boutons were denser in layers II-III. Figure 5d shows the ratio of the density of boutons in layer I and layers II-III in the five cases. Figure 5e shows that ACC boutons (cases AY, BG, BI, BL, and BN) were found mostly in the AON (84 ± 10 %), with the rest found in TOL (11 ± 6 %) and the Pir.
ACC boutons in AON form synapses mostly with spines of putative excitatory neurons
We then studied the pathway from ACC to primary olfactory areas at the synaptic level in layers I and II of AON, the largest recipient of ACC terminals among primary olfactory cortices (cases BI and BN). This analysis made it possible to achieve two objectives: first, to compare results with the findings obtained at the level of the system and second, to identify the postsynaptic sites of ACC boutons and their potential excitatory or inhibitory nature (Fig. 6a) . Serial sections helped identify and classify postsynaptic elements with a high degree of confidence.
Two-dimensional analysis showed that the average major diameter of ACC labeled boutons in AON was comparable in the two cases at the level of the synapse (case BI, 0.96 lm, SD ± 0.31 lm, n = 61; case BN, 0.92 lm, SD ± 0.26 lm, n = 16). These figures are within the range of the average mean diameter of ACC labeled boutons measured at the optical microscope in AON, as described above.
All labeled boutons formed asymmetric synapses (presumed to be excitatory) as in other ACC corticocortical pathways (Medalla et al. 2007; Medalla and Barbas 2009 Bunce and Barbas 2011) . Labeled boutons from ACC mainly innervated single spines in AON (case BI 82 %, n = 50; case BN *81 %, n = 13; Fig. 6b) , and a few formed synapses with two spines (case BI 11.5 %, n = 7; case BN *6 %, n = 1; Fig. 6c ). These patterns resemble other ACC pathways directed to prefrontal and temporal cortices (Medalla et al. 2007; Medalla and Barbas 2009 Bunce and Barbas 2011) , or between other cortices (Anderson et al. 1998; Melchitzky et al. 1998) . Some ACC boutons formed perforated synapses with spines, characterized by segmented postsynaptic densities (case BI 24.6 %, n = 15; case BN 17.6 %, n = 3; Fig. 6d ). Perforated synapses are thought to be more efficacious than non-perforated synapses (Greenough et al. 1978; Sirevaag and Greenough 1985; Geinisman et al. 1987; Ganeshina et al. 2004 ). Innervated spines were not Fig. 6 The fine structure of ACC boutons that form synapses in AON. a Schematic representation of synaptic relationships between ACC boutons and AON excitatory and inhibitory neurons: blue depicts ACC projection neurons and axon terminals, green depicts excitatory postsynaptic pyramidal neurons in the olfactory AON, pink shows inhibitory postsynaptic interneurons in AON. ACC projection neurons and AON pyramidal neurons have spiny dendrites with sparsely spiny dendritic shafts proximal to the cell body, while AON inhibitory neurons have smooth dendrites or only a few spines. 1 depicts an ACC axon terminal that forms a synapse on one spine; 2 shows an ACC synapse on two spines; 3 shows ACC synapse on one spine and one dendritic shaft; and 4 depicts ACC synapse on a dendritic shaft. b-g Photomicrographs through synapses made by ACC axon boutons in olfactory areas. ACC boutons were labeled with DAB, which appears as a dark uniform precipitate. b ACC bouton (blue outline, At) forms a synapse (black arrows) with a single spine (green shade, sp) in AON layer I. c ACC bouton (blue outline, At) forms two synapses (black arrows) with two spines (green shade, sp) in AON layer I. d ACC bouton (blue outline, At) forms a perforated synapse (black arrows) with a single spine (green shade, sp) in AON layer I. ACC bouton (blue outline, At) forms one synapse (black arrows) with a spine (green shade, sp) (e) and, at another level (f), it forms another synapse (black arrows) with a dendritic shaft in layer I of AON (pink shade); the shaft (pink) is labeled with TMB (rodshaped crystals) for calretinin (CR+). g ACC bouton (blue outline, At) forms a synapse (black arrows) with a dendritic shaft (pink shade) in layer II of AON; the shaft is not labeled for calcium-binding proteins and receives a synapse from another unlabeled bouton (silhouette arrows). Calibration bar in g applies to b-g. h Proportion of all labeled boutons with distinct postsynaptic targets (two cases: BI and BN; vertical line on bars shows standard deviation). ACC boutons formed synapses mostly with one spine in the primary olfactory cortex. ACC boutons innervating dendritic shafts made up *10 % of the total. i 3D reconstruction of a synapse between an ACC bouton (blue) and a spiny dendrite (green); the postsynaptic density is shown in yellow. j 3D reconstruction of an ACC bouton (blue) forms a synapse with a spine (green) and a sparsely spiny dendrite (pink) labeled for calretinin (CR+); postsynaptic densities are shown in yellow. k 3D reconstruction of a synapse between an ACC bouton (blue, At) and a smooth dendrite (pink) in layer II of AON; postsynaptic densities are shown in yellow. Scale cube in i-k is 0.5 lm. l Proportion of presumed excitatory and inhibitory postsynaptic targets of ACC boutons in AON (two cases, as above; vertical line on bars shows standard deviation). ACC boutons formed synapses mostly with spines of excitatory pyramidal neurons of AON. At axon terminal, CR calretinin, den dendritic shaft, sp spine labeled for calcium-binding proteins and were presumed to be on dendrites of excitatory neurons.
A minority of ACC boutons in AON form synapses with inhibitory neurons Inhibitory neurons are either devoid of spines or have a low spine density in the cerebral cortex. Inhibitory neurons thus receive synapses on their shafts, a feature that can be used to identify synapses on inhibitory neurons by morphology. Inhibitory neurons in the cerebral cortex can also be identified neurochemically by label with the calciumbinding proteins PV, CR, or CB. We used one or both criteria to identify synapses of ACC axons with inhibitory neurons in the primary olfactory cortex.
A small number of boutons from ACC axons formed synapses on spines and dendritic shafts (case BI 1.6 %, n = 1; Fig. 6e, f) , or only on dendritic shafts (case BI *5 %, n = 3; case BN 12.5 %, n = 2; Fig. 6g) ; one of the latter formed a perforated synapse (case BI, Fig. 6g ). In layer I of AON all boutons from ACC that formed synapses on dendritic shafts were labeled for CR (case BI n = 2; case BN n = 2), but in layer II they were not labeled for any of the three non-overlapping neurochemical classes of presumed inhibitory neurons that are positive for the calcium-binding proteins (PV, CR, and CB; case BI n = 2). Figure 6h shows the percentages of each postsynaptic target.
We performed 3D analysis of the six postsynaptic dendrites innervated by ACC boutons to investigate if their morphologic features are consistent with presumed inhibitory or excitatory neurons (Peters et al. 1991; Fiala and Harris 1999) . We reconstructed each dendrite and computed a density index for spines/lm and synapses/lm, as described previously (Fiala and Harris 2001a; Barbas 2009, 2010) . Figure 6i shows the 3D reconstruction of a typical spiny dendrite with an average of 2 spines/lm and one ACC labeled terminal forming a synapse on one spine; this segment of a spiny dendrite was devoid of synapses on its shaft. Two CR labeled dendrites in layer I (case BI) were sparsely spiny (with 0.42 and 1.25 spines/lm, respectively), and had *0.4 asymmetric synapses/lm; one example is shown in a reconstructed synapse in Fig. 6j . Two other CR labeled dendrites in layer I (case BN) were smooth and had 1 asymmetric synapse/lm. Non-labeled dendrites in layer II (case BI n = 2) were smooth and had *1 asymmetric synapses/lm, similar to the one reconstructed in Fig. 6k .
Excitatory neurons in the cerebral cortex have spiny dendrites and rarely receive synapses on their shafts, while inhibitory neurons have mostly smooth dendrites that receive synapses. Sparsely spiny dendrites may belong to the proximal dendritic segments of excitatory neurons, or to inhibitory neurons. The spine density of sparsely spiny dendrites overlaps with the density of spiny dendrites. However, inhibitory neurons have a significantly higher density of synapses on shafts, which are virtually absent on spiny dendrites of excitatory neurons Barbas 2009, 2010) ; for a review see (Peters et al. 1991; Fiala and Harris 1999) ]. In AON, there are pyramidal excitatory neurons with distal dendrites that are spiny and proximal dendrites that are moderately spiny. AON also included several types of non-pyramidal neurons which are presumed to be inhibitory and have smooth or sparsely spiny dendrites. The only segments of the dendritic tree of pyramidal excitatory neurons that reach layer I of AON are the distal (spiny) segments of the apical dendrites (Valverde 1965; Valverde et al. 1989; Brunjes and Kenerson 2010) . Based on this evidence, we concluded that the smooth and sparsely spiny dendrites that ACC innervated in AON were on putative inhibitory neurons.
In summary, a large majority of ACC boutons in AON layers I and II (case BI 94 %; case BN 88 %) formed synapses with putative excitatory neurons, while only a small number (case BI 6 %; case BN 12 %) formed synapses on smooth or moderately spiny dendritic shafts of presumed inhibitory neurons (Fig. 6l) . In the latter cases, the ACC innervated dendritic shafts that were labeled for CR in AON (layer I).
Discussion
We have found a novel monosynaptic pathway from ACC to the primary olfactory cortex in the rhesus monkey brain. The ACC pathway chiefly innervated the anterior olfactory nucleus where it formed excitatory synapses mostly on profiles of other excitatory postsynaptic neurons. Interestingly, behavioral and functional data suggest that activation of the primary olfactory cortex depends on attention (Zelano et al. 2005; Sela and Sobel 2010) . Moreover, the ACC, which is activated when cognitive demand is high (Botvinick 2007; Pessoa 2008) , and during working memory tasks (Fuster 2008) , is also activated by olfactory stimuli (Poellinger et al. 2001; Small and Prescott 2005; Tabert et al. 2007 ). The novel direct pathway from ACC to primary olfactory areas has functional implications for attention to olfactory stimuli.
The ACC projects densely and efficiently to AON in the primary olfactory cortex Axon terminals from ACC had an uneven distribution in the primary olfactory cortex, with more than two-thirds concentrated in the principal AON. In AONd, ACC boutons formed dense patches in layer I that extended to layer II as well as to neighboring orbitofrontal cortex. At this level, layer I of AONd and layer I of orbitofrontal cortex (area OPAll) are apposed and separated by two layers of blood vessels (Fig. 2b) . This pattern is reminiscent of the apposition formed by layer I of the dentate gyrus and layer I of the cornu ammonis in the hippocampal formation. At such junctions, the abutting structures do not interact at the dendritic level (Cajal 1893; Lorente de Nó 1934; Rihn and Claiborne 1990) . Therefore, ACC boutons in AONd layer I innervate dendritic elements of AON, and not dendrites from the adjacent orbitofrontal cortex. The other sectors of AON also showed substantial ACC labeling with the exception of AONpe. Outside AON, some ACC boutons innervated the olfactory tubercle and sparsely the piriform cortex.
The pathways from ACC to the primary olfactory cortex are probably reciprocal, like the large majority of corticocortical connections (Schmahmann and Pandya 2006) . In macaque monkeys, medial prefrontal areas 25 and 14 receive projections from the primary olfactory cortex (Carmichael et al. 1994) . Further studies are needed to investigate if the pathway from ACC area 32 to the primary olfactory cortex described here is also reciprocal.
Terminals from ACC axons were more densely distributed in layer I than in layer II (or III for Pir) of the primary olfactory cortex. The significance of this observation is based on the laminar specificity of innervation of primary olfactory areas by other afferents. In rats, as olfactory bulb axons leave the LOT they terminate in the superficial part of layer I (also known as layer Ia), while most associational intracortical axons are concentrated in the deep part of layer I (also known as layer Ib), and the superficial portion of layer II of all primary olfactory areas, and in layer III of Pir (Valverde 1965; Price 1973; Luskin and Price 1983a, b; Illig and Eudy 2009 ). This laminar distribution, which has been described most fully in rats, is also found in macaque monkeys, but the pattern does not appear to be as sharp (Carmichael et al. 1994) . Nevertheless, the ACC pathway is in a key position to influence all of layer I of the primary olfactory cortex, which receives olfactory bulb and many associational intracortical axons.
A prominent feature of the ACC pathway to the primary olfactory cortex was the large size of terminals, which accounted for about one-third of the ACC boutons that innervated primary olfactory areas. The significance of this finding is based on evidence that bouton size is positively correlated with the number of synaptic vesicles (Germuska et al. 2006; Zikopoulos and Barbas 2006) and with the probability of neurotransmitter release with each action potential (Murthy et al. 1997; Stevens 2003) . Our findings at the synaptic level further suggest that ACC projections to the primary olfactory cortex predominantly innervate other excitatory neurons. The ACC pathway to AON formed a higher proportion (*90 %) of synapses on spines of excitatory neurons than in other cortical pathways of ACC to parahippocampal cortices (77 %), or to dorsolateral prefrontal cortices (*63-88 %) Barbas 2009, 2010; Bunce and Barbas 2011) . Conversely, we found that only a small proportion (\12 %) of ACC boutons to the olfactory AON formed synapses on shafts of smooth or sparsely spiny dendrites, features of inhibitory interneurons in the cerebral cortex (Peters et al. 1991; Fiala and Harris 1999) . This figure is lower than the proportion of inhibitory neurons that ACC innervates in the parahippocampal (23 %) or dorsolateral prefrontal cortices (*16-35 %) Barbas 2009, 2010; Bunce and Barbas 2011 ). The few synapses made by ACC with presumed inhibitory neurons in layer I of AON involved exclusively the neurochemical class of CR neurons. In other cortical areas, CR neurons innervate other inhibitory neurons, at least in the upper cortical layers (Meskenaite 1997; Melchitzky et al. 2005) . If this is the case for the primary olfactory cortex as well, innervation of CR neurons in olfactory cortex by ACC could lead to disinhibition of nearby excitatory neurons.
The pattern of ACC innervation of a subset of inhibitory neurons in parahippocampal or dorsolateral prefrontal cortices is consistent with the function of reducing noise and enhancing signal in cognitive operations Barbas 2009, 2010; Bunce and Barbas 2011) . In contrast, the pattern of innervation and ultrastructural characteristics of ACC pathways to AON suggest a different function. Overall, our findings suggest that ACC axons are poised to exert a powerful postsynaptic excitatory effect on the primary olfactory cortex through dense terminations on spines of excitatory neurons and a small number of synapses with CR inhibitory neurons.
ACC is in a key position to influence activity in the primary olfactory cortex through AON The organization and connections of the primary olfactory cortex differ from other sensory areas. Projections from the olfactory epithelium to the olfactory bulb are spatially ordered producing a ''map'' of odor quality (Ressler et al. 1994; Vassar et al. 1994; Mombaerts et al. 1996) . This chemotopy is preserved only in the olfactory bulb projections to AONpe (Reyher 1988; Carmichael et al. 1994; Yan et al. 2008) . In contrast, olfactory bulb projections to the rest of the primary olfactory cortex lack topographic organization [ (Haberly and Price 1977; de Olmos et al. 1978; Carmichael et al. 1994; Ghosh et al. 2011; Miyamichi et al. 2011; Sosulski et al. 2011) ; reviewed in (Shepherd 2007) ]. In accord with the connectional pattern, functional studies show that odorant stimuli activate ensembles of neurons throughout the primary olfactory cortex in a non-specific spatial pattern, as individual neurons receive input from multiple glomeruli and respond to multiple odors (Illig and Haberly 2003; Lei et al. 2006; Rennaker et al. 2007; Howard et al. 2009; Poo and Isaacson 2009; Stettler and Axel 2009; .
In addition to receiving a direct projection from the olfactory bulb, pyramidal neurons in the primary olfactory cortex receive extensive intrinsic associational and commissural projections originating in other excitatory pyramidal neurons of the primary olfactory cortex (Valverde 1965; Haberly and Price 1978a, b; Luskin and Price 1983a, b) . Each pyramidal neuron is thought to target more than 1,000 other neurons in the primary olfactory cortex (Johnson et al. 2000; Franks et al. 2011) . Most associational projections in layer I reach the proximal segments of the apical dendrites of pyramidal neurons close to the cell body. Consequently, activation of pyramidal neurons by olfactory bulb input is followed by a second wave of excitation mediated by intrinsic association axons and followed by strong local inhibitory feedback (Johnson et al. 2000; Stettler and Axel 2009) . In fact, odor-evoked inhibition in the piriform cortex is non-selective and widespread and may depress odor-induced excitation across the primary olfactory cortex so that only neurons that receive strong excitation are driven to spike (Poo and Isaacson 2009) .
The distributed pattern of olfactory bulb projections and the extensive system of intrinsic axons suggest that the primary olfactory cortex is akin to an associative cortex. In this sense, the primary olfactory cortex may capture the significance of an odorant through non-spatially organized and widely distributed neurons to recognize complex ensembles of odorant features rather than their specific attributes (Johnson et al. 2000; Stettler and Axel 2009) . In this context, we found that the predominant projection from ACC to the primary olfactory cortex was to AON, which gives rise to extensive and bilateral intrinsic associational connections. The AON projects on both sides to the primary olfactory cortices with axons that terminate directly in the deep portion of layer I and the superficial portion of layer II, where they contact the proximal segments of the apical dendrites of pyramidal neurons (Haberly and Price 1978a, b; Luskin and Price 1983a, b; Illig and Eudy 2009 ). The AON, like the piriform cortex, also projects back to the olfactory bulb and is the main source of contralateral bulbar projections (de Olmos et al. 1978; Haberly and Price 1978a, b; Carmichael et al. 1994 ). The AON is thus in a key position to influence activity in the entire primary olfactory cortex through its extensive bilateral feedforward connections with the primary olfactory cortices and bilateral feedback projections to the olfactory bulb.
Activation of as few as 1 % of piriform neurons can recruit an ensemble of odor responsive neurons (Franks et al. 2011 ) and AON neurons show even more enhanced excitability (McGinley and Westbrook 2011) . Consequently, excitation of a small number of AON excitatory neurons by the efficient ACC pathway may have widespread and significant effects throughout the primary olfactory cortex, as summarized in Fig. 7 . Top-down regulation of the primary olfactory cortex by ACC may underlie anticipatory events prior to presentation of stimuli, Fig. 7 Summary of the pathway impact from ACC on the primary olfactory cortex. The circuits at the level of the system and synapse suggest that ACC pathways (blue arrow) exert a powerful postsynaptic excitatory effect on ipsilateral pyramidal neurons of AON, a critical hub in the primary olfactory cortex based on its extensive and bilateral associational connections with other primary olfactory areas and the olfactory bulb (green arrows). ACC acting on AON may influence the entire primary olfactory cortex bilaterally for rapid attention to olfactory stimuli. For abbreviations see caption to Fig. 1 as described for the piriform cortex in rats and humans (Kay and Freeman 1998; Zelano et al. 2005 Zelano et al. , 2011 Veldhuizen and Small 2011) .
The ACC also has robust connections with high-order association cortices involved in olfactory processing, like the pOFC and the anterior insula Mufson and Mesulam 1982; Barbas 1993; Carmichael et al. 1994 ). The pOFC is connected with the primary olfactory cortex and high-order sensory association cortices (Barbas 1993; Carmichael et al. 1994; Cavada et al. 2000) . Functional studies suggest that the pOFC is poised to process ongoing olfactory information from the primary olfactory cortex for perceptual decision making (Bowman et al. 2012) , as well as integrate olfactory information with other sensory modalities [ (Gottfried and Dolan 2003; Small et al. 2004) ; reviewed in ]. The anterior insula receives olfactory and taste information Mufson and Mesulam 1982) , is activated when subjects search for an odor or taste (Veldhuizen and Small 2011) , and seems to act as a chemosensory convergence zone involved in flavor perception (Small and Prescott 2005; Small et al. 2008; Lundstrom et al. 2011) . Time course studies of olfactory tasks show activation of ACC, pOFC, and the anterior insula along with the primary olfactory cortex (Poellinger et al. 2001; Tabert et al. 2007; Bowman et al. 2012 ). This evidence suggests that the ACC can modulate attention to olfactory stimuli at the primary olfactory cortex and its integration with other sensory modalities in pOFC and the anterior insula.
Conclusions: a new pathway for attention to olfaction
Pathways from ACC to the primary olfactory cortex innervate chiefly the AON and are denser in layer I where they interact synaptically with the apical dendrites of excitatory neurons. A high proportion of ACC axons terminate as large and efficient boutons that innervate mostly spines of excitatory neurons that likely receive direct projections from the olfactory bulb. In layer I of AON, ACC boutons target only a small number of putative inhibitory neurons that are labeled for CR and may have disinhibitory effects on nearby neurons, as in the upper layers of other cortical areas. These features at the level of the system and synapse suggest that the ACC pathways can exert a powerful excitatory effect on AON, a critical hub of the primary olfactory cortex through extensive and bilateral associational connections. Acting on the olfactory AON, the novel and direct ACC pathway may influence the entire primary olfactory cortex for rapid attention to olfactory stimuli (Fig. 7) .
The novel pathway from ACC to olfactory areas provides the circuit basis for functional evidence showing that the anterior part of the primary olfactory cortex is activated by sniffs and instructions (Sobel et al. 1998 (Sobel et al. , 2000 Zelano et al. 2005 Zelano et al. , 2009 Zelano et al. , 2011 in the absence of odorants. Future studies on the time course of activation of ACC and the primary olfactory cortex during olfactory tasks will help clarify the functional relationship between these two cortices and the role of ACC in attention to olfaction.
